Abstract

17
Models relating sediment supply to catchment properties are important in order to use the geological 18 record to deduce landscape evolution and interplay between tectonics and climate. Water-discharge 19 (Qw) is an important factor in the widely used BQART-model, which relates sediment load to a set of 20 measureable catchment parameters. Although many of the factors in this equation may be 21 independently estimated with some degree of certainty in ancient systems, water-discharge (Qw) 22 certainly cannot. An analysis of a world database of modern catchments with 1255 relevant entries 23
shows that the commonly applied equation relating catchment area (A) to water-discharge 24 (Qw=0.075A 0.8 ), does not predict water-discharge from catchment area well in many cases (R 2 =0.5 and 25
an error spanning c. 3 orders-of-magnitude). This is because the method does not incorporate the 26 effect of arid and wet climate on river water-discharge. The inclusion of climate-data into such 27 estimations is an opportunity to refine these estimates, because generalized estimates of 28 palaeoclimate can often be deduced on the basis of sedimentological data such as palaeosol types, 29 mineralogy and palaeohydraulics. 30
This paper investigates how the relationship between catchment area and river discharge vary with 31 four runoff categories (arid, semiarid, humid, and wet) which are recognizable in the geological record, 32 and modifies the coefficient and exponent of the abovementioned equation according to these classes. 33 Our modified model yields improved results in relating discharge to catchment area (R
Introduction
40
The extent and quality of geomorphological and subsurface datasets has increased greatly in recent 41 decades, and has made it possible to attempt to reconstruct ancient sedimentary systems from source- The BQART-approach, based on an empirical model relating sediment load in modern rivers to 53 catchment parameters, was developed by Syvitski and Milliman (2007 
Catchment area
133
Catchment area (A) is in most cases hard to constrain accurately in ancient systems, due to erosional 134 and tectonic modification. In systems with a marked topographic axis, such as in convergent and 135 transpressive regimes, catchment area may be estimated using distance to the topographic axis and 136
Hack's Law (Hack, 1957; Rigon et al., 1996) . However, these are also the most short lived and unstable 137 source-to-sink systems, and sediment transport networks are prone to change through time 138 (Woodcock, 2004) . 139
Water-discharge, climate and runoff
140
In uplifted, dissected and well-exposed systems, water-discharge (Qw) may be estimated using 141 palaeohydraulic methods based on exposed trunk river channel dimensions (Bhattacharya and Tye,  142 2004; Holbrook and Wanas, 2014). These methods may also be applied to subsurface datasets: 143 attribute maps derived from 3D-seismic data may give full plan view control of parts of deposits of 144 fluvial systems, and thickness of channels and bedforms can be measured in core. However, such 145 comprehensive datasets are commonly not available. In cases where very well-constrained modern 146 analogues have been determined, regional hydraulic geometry curves from comparable modern 147 systems could be applied to derive catchment area and water-discharge (Davidson and North, 2009 The runoff (ratio of annual river discharge to catchment area) of rivers varies with climate ( Fig. 1) . 157
Runoff of rivers is commonly given in mm km -1 yr -1
, and is therefore easily compared with catchment-158 averaged rainfall. The runoff efficiency of a catchment is the ratio of runoff to catchment-averaged 159 rainfall, and is commonly lower in drier catchments due to higher evapotranspiration and infiltration 160 losses, and high in wetter catchments due to moister soil (e.g. McCabe and Wolock, 2016). Thus, runoff 161 of rivers is strongly dependent upon climate, as more precipitation will lead to higher runoff due to 162 increase in both the availability of water, and increase in runoff efficiency. 163
Dataset and methods
164
This study is based on analysis of the global database of catchment properties presented by Milliman 165 and Farnsworth (2011), which collates a wealth of information from modern catchments debouching 166 into the ocean, such as sediment supply, relief, climate, location, and most importantly for this study: 167 catchment area and water-discharge. These systems are investigated using cross plots and power law 168 regression (Figs. 2-4), and are further investigated using published data and publically available 169 satellite imagery. Figure 2A presents the actual catchment area for all catchments in the database, versus predicted 183 catchment area using Eq. 1 and the fixed constants from Syvitski and Milliman (2007) . This plot shows 184 that using this method, catchment area is underestimated for arid systems, and overestimated for wet 185 systems. Furthermore, this method leads to large variation in error (c. 2.5 orders of magnitude when 186 outliers are excluded) of estimation of catchment areas for arid systems ( Fig. 2A) . Semiarid, humid and 187 wet systems generally show little variation in error and generally constrain the input with some 188 accuracy (within 30x). 189 Figure 3 presents the runoff of all systems in the database (Milliman and Farnsworh, 2011) ) are presented in Table 1 . Plots of 199 actual versus estimated catchment area using the proposed model are presented in Fig. 4 . These show 200 a significant improvement compared to using fixed constants (c.f. Fig. 2A ), but also large variations in 201 arid systems. The previous and the proposed model are compared in Figures 2B and 2C , including and 202 excluding arid systems, respectively. This shows that estimates of catchment area are significantly 203 improved using the proposed method. However, catchment area estimation appears to be too variable 204 to be useful in arid catchments. 205 
Discussion
Recognition of runoff classes in ancient deposits
207
Defining the runoff class of ancient deposits makes estimations of river discharge and catchment area 208 more accurate (Fig. 2B , Table 1 ). The key assumption in this work is that the runoff classes defined in 209 this study would correspond to geologically observable factors. As the study of ancient climates is a 210 science in itself, only a superficial overview can be presented here. 225 Comparison between the method presented here (varying constants by climate class) versus the 226 method using fixed constants in Eq. 1 is presented in Fig. 3 . This figure shows that the method using 227 fixed constants performed well for systems with runoff within the ranges 200-800 mm km -1 yr -1 (Fig.  228 3), a range which contains 43% of the catchments in the database. For the wet category, which contains 229 30% of the data, the proposed method is significantly better than using fixed constants (Fig. 3) . 230
Comparison to method using fixed constants
Furthermore, this study shows that it is difficult to estimate runoff for arid systems, as annual discharge 231 is not primarily controlled by catchment size in such systems. Still, the proposed method decreases the 232 error of arid systems by two orders of magnitude. Finally, this study shows that water-discharge and 233 catchment area can be related with a high degree of confidence if the runoff class of the system can 234 be determined, with the exception of arid systems. 235
The results of sediment mass-flux calculations from ancient catchments, made using the BQART-236 approach (Syvitski and Milliman, 2007) , change significantly when runoff class of the studied system is 237 taken into accountThe difference for sediment load (QS in Eq. 2) calculated using water-discharge from 238 the two methods presented herein (fixed constants versus variable constants for each class) is greatest 239 for small, dry catchments and for large, wet catchments (Table 3 ).. For small (100 km 2 ) arid and 240 semiarid catchments, using varying constants in Eq. 1 yields a 69% and 40% decrease in sediment load, 241
respectively, compared to results using fixed constants. For large (10 6 km 2 , 'continental' scale 242 catchments) humid and wet catchments, using variable constants for each climate class gives a 36% 243 and 73% increase in sediment load, respectively. Thus, this study shows that it is important for studies 244 using the BQART-approach in ancient systems to take runoff into account, not only catchment 245
temperatures. 246
Human influence and validity of methods
247
The majority of world catchments have some degree of human influence. In the database (Milliman 248 and Farnsworth, 2011), 72 of the 1255 catchments also have data about pre-dam discharge. 29% of 249 these are classified as arid based on runoff, 29% are semiarid, 31% are humid and 11% are wet. Post-250 dam discharge decrease in 71 of the 72 catchments, and the reduction ranges from 11% (Tapti, India) 251 to 99% (Colorado, USA), and no correlation between the amount of decrease and runoff or catchment 252 area exists. This indicates that post-dam discharge reduction is mainly determined by water 253 management strategies and water demand, not natural properties inherent to catchments, making 254 this difficult to correct for in a global dataset. 255
It is worth noting that the catchments with pre-dam discharge-data in the database often represent 256 highly populated catchments with well-known and large water management projects, such as the Nile 257 (NE Africa), Orange (S Africa), Los Angeles (USA), Colorado (USA) and Huanghe (China) (c.f. Fig. 1 ). It 258 may therefore be speculated that discharge from catchments without pre-dam discharge data is 259 generally less affected by human intervention than catchments with pre-discharge data. Thus, it is 260 estimated that the coefficients presented here, which are conditioned to post-dam catchment 261 discharge, might underestimate final discharge to some degree. However, further research would be 262 needed to constrain this amount. 263 264 This study illustrates that discharge from arid catchments is not controlled to a great degree by 265 catchment area. This is not surprising, as rivers in arid catchments show flashy discharge and have 266 significant downstream discharge losses. Because of this, discharge during one flood event may be 267 greater than the discharge of several years combined (e.g. Tooth, 2000; Milliman and Farnsworth, 268 2011). Thus, discharge of rivers in arid catchments is more dependent upon the amount and location 269 of rainfall during one single flood, and the degree and extent of wetting prior to the flood, than the 270 size of the catchment itself. Large arid catchments have the potential to loose significant amounts of 271 water through infiltration and evaporation, and this is particularly likely for parts of the catchment 272 located far from the river mouth. This leads to low predictability of discharge in arid systems for a 273 method which uses catchment area as input. 274
Large discharge variations in arid systems
Conclusions
275
When reconstructing ancient source-to-sink systems, estimates of water-discharge (Qw) and 276 catchment area (A) are crucial in order to apply mass-balance models. Here, it is demonstrated that 277 the previous method (Qw=0.075A 0.8 ) works reasonably well in semiarid and humid settings, but that it 278 yields a significant overestimation of catchment area in wet systems, and a significant underestimation 279 of catchment area in arid systems. Because catchment climate can be readily defined from geological 280 evidence, a new method with different exponent and coefficient for each runoff class is presented. 281
This study shows that it is possible to achieve improved correspondence between measured and 282 predicted values (R 2 -values of 0.95) in non-arid modern systems. However, arid systems show too high 283 variability to be reliably predicted in this way, because of the large temporal variation in rainfall and 284 high downstream losses discharge for arid systems. This has important implications for studies which 285 employ the BQART-method in ancient systems, because climatic changes may strongly influence 286 sediment flux from catchments. 287 
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